Johnsongrass (Sorghun halepense (L.) Pers.) is sensitive to methanearsonate, foliar application resulting in a topkill. Investigation of the pattern of photosynthesis by radioautography revealed an accumulation of malate in methanearsonate-treated leaves. Accumulation of malate was attributed to an inhibition of NADP+-malic enzyme which was found to be sensitive to suhfhydryl group reagents including arsenosomethane, CH3AsO. Methanearsonate was found to act as an oxidant in the Hill reaction using spinach chloroplasts, the photoproduct being a sulfhydryl group reagent.
systems is subsequently used as a substrate for RuBP2 carboxylase. The compartmentation of enzymes and the required transport of intermediates which characterizes the 'C4-dicarboxylic acid pathway' is widely varied (8) and we surmised that the difference in sensitivity ofjohnsongrass and bermudagrass to methanearsonate was related to their differences in the mechanism whereby CO2 is transported to the bundle sheath cells. The toxicity of arseniccontaining compounds is related to the sulfhydryl groups of cells (15, 28) and we noted that malate dehydrogenase of Zea mays was particularly sensitive to 02 (12, 14) and thiols were required for maintenance of activity. It seemed reasonable to presume that methanearsonate exerted its toxic influence on johnsongrass by inhibiting an enzyme with an essential sulfihydryl group that was associated with the metabolism of malate and transport of CO2.
This communication describes results of radiotracer experiments with '4CO2 and enzymic studies ofjohnsongrass. The results suggest that methanearsonate is reduced to arsenosomethane3 which inhibits the malic enzyme. Differences in the sensitivities of similar enzymes from johnsongrass and Zea mays to SH reagents are discussed.
Johnsongrass has been described as one of the world's worst weeds (11) . It is widespread throughout the United States and is a major pest in the south, infesting cultivated crops, canal banks, and roadsides. Herbicides reported to be effective in control of johnsongrass include the sodium salts ofmethanearsonic acid (16) , mefluidide (20) , metriflufen (19) , glyphosate (21) , dinitroaniline herbicides (18) , and dalapon (22) . The recent renewal of interest in the metabolism of arsenic (4) (5) (6) 10) served to focus our attention on the possible mechanisms of toxicity of methanearsonate in johnsongrass. The sensitivity ofjohnsongrass to methanearsonate seemed remarkable since the similarly structured bermudagrass was insensitive to the arsenical. Both johnsongrass and bermudagrass are C4 plants wherein CO2 is incorporated into oxalacetate in the mesophyll cells and liberated from malate in bundle sheath cells (8) . In the case ofjohnsongrass (9; see below), malic acid is exported from the mesophyll cells and CO2 is released from malate by an NADP+-malic enzyme in the bundle sheath chloroplasts.
Bermudagrass, on the other hand, exports aspartic acid from the mesophyll cell and CO2 is released from malate by a NAD+-malic enzyme in the mitochondria of the bundle sheath cells (3) 
DISCUSSION
Radiolabeling experiments point directly at the malic enzyme as the site of methanearsonate-mediated toxicity in johnsongrass. Accumulation of malate, relative to sucrose, was increased 20-fold over that of the control experiment. Synthesis of sucrose requires CO2 provided by the action of the malic enzyme on malate in the bundle sheath chloroplasts. Inhibition of the malic enzyme, suggested by the accumulation of malate, is also consistent with the observed sensitivity of the malic enzyme to SH reagents in general and arsenosomethane in particular. The accumulation of malate was puzzling in view of the results of earlier studies of the SH reagent sensitivity of malate dehydrogenase and malic enzyme of Zea mays (14) . Malate dehydrogenase was found to be sensitive to SH reagents while the malic enzyme was not, leading to the expectation that oxalacetate would accumulate. The finding that the SH reagent sensitivity of the last two enzymes of the CO2 transport system ofjohnsongrass was the reverse of that observed in Zea mays conserved the hypothesis of Voegtlin et al. (28) that arsenicals react with the sulfhydryl groups of cells as well as accounting for our results.
The sensitivity of malate dehydrogenase from Zea mays to SH reagents may be compared with that of the malic enzyme from johnsongrass. In the case of malate dehydrogenase, SH reagent sensitivity resides in a vicinal dithiol group. The enzyme is active in light and inactive in darkness, conversion between the active and inactive forms being controlled by a thioredoxin which reversibly reduces a cystine residue to the vicinal dithiol group (2). Thioredoxin is linked to the photosynthetic electron transport chain by-NADPH-thioredoxin reductase, a pyridine nucleotidedisulfide oxidoreductase which utilizes a FAD moiety in transferring an electron pair from NADPH to a disulfide bridge (30) . Malate dehydrogenase is particularly sensitive to O2 and addition of DTTH2 to inactive enzyme restores full activity. The sensitivity of malate dehydrogenase to SH reagents, then, is due to reaction with one or both of the thiol moieties formed by reduction of the cystine residue. The malic enzyme of johnsongrass, on the other hand, was not particularly sensitive to O2 and treatment with DTTH2 did not result in an increase in activity. Furthermore, inhibition by arsenosomethane was readily reversed by low concentrations of DTTH2. These observations suggest, as a basis for further experimentation, that SH reagent sensitivity of the johnsongrass malic enzyme is due to the presence of a single sulfhydryl group. The malic enzyme from Zea mays was not reported to be sensitive to SH reagents and it is reasonable to expect the catalytic mechanisms to be conserved. The sensitivity ofjohnsongrass malic enzyme to arsenosomethane, then, could be due to a cysteinyl residue close to the active site, derivatization of the SH group preventing approach of the substrate to the active site. The SH reagent sensitivity of malate dehydrogenase from Zea mays seems to be a consequence of the mechanism for regulating its activity by light whereas the sensitivity of the johnsongrass malic enzyme to SH reagents appears to be only coincidental.
The accumulation of malate in methanearsonate-treated leaves of johnsongrass suggests that the efficacy of arsenosomethane in vivo may exceed that observed in vitro with malic enzyme. A 20-fold increase in the accumulation of malate with respect to sucrose would appear to require a concentration of arsenosomethane greater than 0.1 nmi, which afforded only 80%o inhibition of malic enzyme at pH 8.0. Such an accumulation of inhibitor in the leaf would be remarkable in view of the small amount of methanearsonate applied to the leaf. The following considerations suggest, however, that arsenosomethane may be more effective in vivo than suspected from the malic enzyme experiments conducted in vitro. (a) Upon diffusion of methanearsonate into the vascular system, it will remain in close contact with bundle sheath cells. Johnsongrass possesses Kranz anatomy (17) and the uptake of methanearsonate by the bundle sheath cells and photoreduction by the chloroplasts of these cells would lead to the formation of inhibitor at the very site of inhibition. (b) Arsenosomethane may react more strongly with malic enzyme in vivo than in vitro due to its high degree of solubility in nonaqueous solvents. Malic enzyme may be closely associated with membranes in the chloroplast and the reaction of arsenosomethane with sulfhydryl groups would be favored by nonpolar environments. In this regard, we note that the sensitivity of the ATPase of intact mitochondria to arsenosobenzene (13, 24, 27) and arsenosomethane (F. C. Knowles and A. F. Knowles, unpublished results) appears to be due to a single sullhydryl group on the F2 subunit. A stimulation of the membrane-bound ATPase was not obtained with SH reagent such as pCMB and (NBS)2 which require a polar environment for reaction. (c) Other factors may exist in the chloroplast which enhance inhibition by arsenosomethane. The formation of an association complex between an enzymic sulfhydryl group and arsenosomethane leaves arsenic with half of its capacity for sulfur satisfied. Condensation of a monothiol with the enzyme-inhibitor complex has the effect of increasing the association constant of the inhibitor for the enzyme. Such enhancement of inhibition is well documented with organic arsenicals (29) . Treatment of intact mitochondria with arsenosobenzene stimulates the ATPase, an effect which can be reversed by DTTH2 (13, 24) . Addition of mercaptoethanol before addition of DTTH2 blocks restoration of coupling. A mechanism to account for potentiation of inhibition is illustrated in Figure 3 . (d) The role played by the malic enzyme in johnsongrass is exceptionally important since assimilation of carbon is impossible without release of CO2 from malic acid. The consequences of inhibition of this enzyme, then, are perhaps more far reaching than would otherwise be the case. There is no possibility for a metabolic adaptation to a lack of substrate. Thus, we may conclude from the foregoing discussion that the accumulation ofmalate in methanearsonate-treated leaves ofjohnsongrass is consistent with inhibition of malic enzyme by an inhibitor formed photochemically from methanearsonate.
The methanearsonate is a competitive substrate for NADPH-thioredoxin reductase. An analogy to this type of redox reaction was provided by (a) the recent finding that DTTH2 will reduce arsenite to arsonous acid and (b) the inference that arsenite will accept electrons from the incipient dithiol grouping of diaphorase in the presence of NADH (15) . The ability of a dithiol of low potential to reduce As(+3) to As(+ 1), then, seems well established mechanistically and such reductants are present in illuminated chloroplasts. The efficacy of methanearsonate as an oxidant in the Hill reaction was approximately one-tenth that of DCIP, indicating that the reduction to arsenosomethane was a facile reaction. The Hill reaction, then, can account for the formation of an enzymeinhibitory form of arsenic. We may infer that such reactions have occurred in johnsongrass but the evidence is indirect, being that an enzyme with a sulflhydryl group essential for activity became inhibited in the presence of arsenicals.
The results obtained above suggest a mode of action of methanearsonate in johnsongrass. The johnsongrass malic enzyme, which catalyzes the release of CO2 from malic acid in bundle sheath chloroplasts, is a SH reagent-sensitive enzyme which is inhibited by a SH reagent, arsenosomethane, formed by an in vivo Hill reaction. Johnsongrass possesses an elaboration of the photosynthetic cycle whereby CO2 is incorporated into oxalacetate in mesophyll cells and transported to bundle sheath cells as malate. Assimilation of CO2 for photosynthesis of carbon compounds by johnsongrass depends on a sequence of enzyme-catalyzed reactions, a process which is subject to both regulation and inhibition. The site of inhibition in johnsongrass is particularly critical for the plant insofar as the consequence of inhibition deprives the In concluding, we may address the question of the effect of methanearsonate on plants other than johnsongrass where similar mechanisms for formation of arsenosomethane exist without the coincidental presence of a key metabolic reaction subject to inhibition. The reactivity of arsenosomethane toward any enzymic sulfhydryl group would be similar to that described above for the malic enzyme. The degree of inhibition would decrease as the path between the site of formation of the inhibitor and the site at which the inhibitor acts increases. Thus, we may expect the degree of inhibition to decrease and the consequences to be less dramatic than obtained with johnsongrass. Light-mediated activation of enzymes requires thioredoxin reductases, thioredoxins, and target enzymes (2) . These moieties all contain vicinal dithiol groupings which can condense with arsenosomethane to form arsenicbridged disulfide bonds of high stability. These light activation systems, furthermore, are localized in chloroplasts and are physically close to the site of formation of arsenosomethane. We can expect, then, that the ability of a plant to respond to a change in illumination by sulfihydryl-mediated modification of enzyme structure would be impaired. The sequence of reactions involving light activation and the possible interactions of these intermediates with arsenosomethane are summarized in Figure 4 .
